Automated manipulation and sorting of single cells are challenging, when intact cells are needed for further investigations, e.g., RNA or DNA sequencing. We applied a computer controlled micropipette on a microscope admitting 80 PCR (Polymerase Chain Reaction) tubes to be filled with single cells in a cycle. Due to the Laplace pressure, fluid starts to flow out from the micropipette only above a critical pressure preventing the precise control of drop volume in the submicroliter range. We found an anomalous pressure additive to the Laplace pressure that we attribute to the evaporation of the drop. We have overcome the problem of the critical dropping pressure with sequentially operated fast fluidic valves timed with a millisecond precision. Minimum drop volume was 0.4-0.7 ll with a sorting speed of 15-20 s per cell. After picking NE-4C neuroectodermal mouse stem cells and human primary monocytes from a standard plastic Petri dish we could gently deposit single cells inside tiny drops. 94 6 3% and 54 6 7% of the deposited drops contained single cells for NE-4C and monocytes, respectively. 7.5 6 4% of the drops contained multiple cells in case of monocytes. Remaining drops were empty. Number of cells deposited in a drop could be documented by imaging the Petri dish before and after sorting. We tuned the adhesion force of cells to make the manipulation successful without the application of microstructures for trapping cells on the surface. We propose that our straightforward and flexible setup opens an avenue for single cell isolation, critically needed for the rapidly growing field of single cell biology. Up to now most DNA, RNA or proteome investigations have been performed on large cell populations. However, in the last few years focus has turned to single cell DNA and RNA analysis.
1 A number of studies showed that individual cells have distinct expression profiles in their transcripts and proteins, even in seemingly homogeneous populations. [2] [3] [4] A deeper understanding of a developing embryo or tumor requires information on the constituting individual cells. 5 Stem cell populations also show heterogeneity with substantial functional consequences. 6 Detection of rare tumor cells in the early state by monitoring circulating tumor cells (CTCs) and the analysis of disseminated tumor cells (DTCs) also require single cell isolation. 7 It has become possible to obtain information on genome-wide single cell transcriptomes by the RNA-Seq analysis. 8 Distinct populations of immune cells could also be detected by single cell transcriptomics. 9 Although the downstream procedures of DNA or RNA analysis have been already automated, in most cases single cell isolation is not yet ready for high throughput. Individual cells are usually collected by microaspiration, micromanipulation, laser-capture microdissection, 10 or flow cytometry. 2, 11, 12 Single cell sample preparation 13, 14 can follow the classical protocol using sharp needles for cell isolation without enzymatic pre-treatment of the tissue. 15 Single cells can be picked up manually using a mouth pipette. It is a straightforward option 16, 17 but time-consuming and technically challenging. 18, 19 Fluidigm offers integrated devices for single cell isolation in 96-well plates and subsequent analysis. 20 This system use integrated fluidic circuits 21 for trapping cells. However, high level of integration allows less control for the user in specific experiments.
Automated imaging and manual picking of cells with a micropipette on a fluorescent microscope have been realized by applying fluid flow through a microcavity array for immobilizing cells. 22 CellCelector TM (Ref. 23 ) and MMI CellEctor Plus (Molecular Machines & Industries) can select and collect cells from culture dishes on a microscope using a micropipette. Still, single cell sorting with a reasonable speed and efficiency remains uneasy applying these methods. We have reported that a micropipette controlled by computer vision allows automated single cell manipulations and sorting on a microscope. 24 A similar robot for the automated breeding of single cells has been recently developed. 25 This integrated instrument applies microwell arrays to immobilize cells on the surface for subsequent sorting. We consider our system being introduced in the current letter for single cell isolation and deposition more accessible for research and medical diagnostics as it can be mounted onto any standard inverted microscope available in most laboratories. Normal use of the microscope is undisturbed as the sample holder insert and the micropipette holder arm are easy to remove. Highly modular structure of the instrument makes it versatile and helps to fit the device to the specific application.
Previous CellSorter system published in Ref. 24 has been upgraded for automated single cell deposition (Fig. S1 a) as follows. 26 The glass micropipette for picking up cells is held by a manually rotatable arm attached to a vertically motorized micromanipulator (Fig. S1 b) . CellSorter insert for single cell deposition holds the 35 mm Petri dish in the middle with the culture to be sorted. Cells are deposited from the micropipette either onto a glass cover slip or into PCR tubes, both fixed in the insert (Fig. 1) . Single cell transfer is carried out by moving the motorized stage horizontally back and forth between the Petri dish and the PCR tubes (or the cover glass).
Due to the curvature pressure of the liquid drop in air, fluid starts to flow out from the micropipette only above a critical pressure preventing the precise control of drop volume in the submicroliter range. If the capillary constant,
is larger than the characteristic dimension of the system then gravity is negligible and surface tension c dominates the behavior of the liquid drop. (q is the density of the liquid and g is the gravitational acceleration. a ¼ 3:8 mm for water in air at 25 C.) According to the Young-Laplace equation, the liquid will not drop unless the p c critical pressure is exceeded:
where R p is the radius of the pipette. Below the critical pressure the liquid does not drop, but bulges from the pipette with a radius of curvature higher than R p . The appearance of the critical pressure makes the control of drop volume uneasy as the liquid starts to flow with a relatively high speed, when the critical pressure is exceeded. The flow is needed to be stopped very soon after exceeding the critical pressure, which is technically challenging as the elastic components of the fluidic system will maintain the high pressure even after closing the valve controlling the flow. To gain insight into the dropping process we measured the curvature of the liquid surface at the tip of the capillary as a function of pressure applied to the micropipette. Curvature of the water surface was determined in the digital images captured from a side view using a stereo microscope (Fig. 2) . We found that the pressure vs. curvature graph deviated from the Young-Laplace equation. We observed an additional constant pressure value independent from the curvature. We examined possible physical effects that can cause the anomalous pressure, such as the contact angle between the micropipette and the liquid, flow in the fluidic system, dependence of surface tension on drop size, 27 vapor recoil, 28, 29 and isothermal extension of vapor in the gas phase. 26 We propose that the reason of the effect is the evaporation of the liquid:
where p 0 and p 1 are the pressure far from the drop and inside the drop, respectively. R is the radius of curvature of the drop, p evap ¼ p recoil þ dp v , where p recoil is the pressure of vapor recoil, and dp v is the pressure difference in the gas phase built up due to the isothermal extension of vapor. We measured the rate of evaporation (Fig. S2 ) and found that in our experiments the contribution of vapor recoil to the anomalous pressure was negligible as compared to the pressure of the isothermal extension of vapor in the gas phase. Anomalous pressure of water could be approximated by the difference of saturated vapor pressure and the partial pressure of humidity in the laboratory. 26 To test our hypothesis, we carried out experiments with the less volatile silicon oil instead of water ( Fig. 2(d) ). Anomalous pressure of silicon oil was in the range given by the manufacturer for the vapor pressure at [20] [21] [22] [23] [24] [25] C. Evaporation turned to be a major factor that has to be considered in microliter scale drop deposition processes. To overcome the problem of the critical dropping pressure (sum of the Laplace pressure, vapor recoil and pressure due to vapor extension) we opened both Valve 1 and Valve 2 (Fig. S1 a) with a delay between them when depositing a drop. Timing of valve openings had a precision of 1 ms. First we opened Valve 2, then after a delay Valve 1 in order to stop abruptly the overpressure in the micropipette. Valves controlled 1 mm tubes with an aperture two orders of magnitude higher than the micropipette tip. This sequential programming of the valves allowed us to precisely control drop deposition in the [0.3; 1.3] ll range (See Table S1 ).
Following the optimization of the liquid system we sorted NE-4C neuroectodermal mouse stem cells labeled with a fluorescent dye 1,1 0 -Dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate (DiI) (10 lM, 30 min) in 5 experiments. After a 30 s trypsin-EDTA treatment NE-4C cells were detected manually in phase-contrast mode in the Petri dish. A total number of 120 fluorescent human monocyte cells, stained with carboxyfluorescein succinimidyl ester (CFSE) (0.5 lM), were picked up in 8 experiments. We used the cell repellent synthetic polymer poly (L-lysine)-graftpoly (ethylene glycol) co-polymer (PLL-g-PEG) at a concentration of 0.75-1.00 mg/ml instead of the trypsin-EDTA treatment to reduce the adhesion strength of monocytes to the plastic Petri dish. 30, 31 Vacuum pressure needs to be optimized according to the adhesion strength of the cell type if the trypsin-EDTA treatment is replaced by surface chemistry. 32 Single cells were deposited one-by-one either onto a glass cover slip (Fig. 3) or into PCR tubes. Each deposited drop on the cover slip was inspected both in phase contrast and fluorescent modes to ensure the recognition of cells (Figs. 3(b) and 3(c) ). We determined which drops contained zero, single or multiple cells (Table I) . Total number of drops with single NE-4C cell was 93 out of 99. Single NE-4C deposition rate was 94 6 2% and 6 6 2% of the drops contained zero cells. We did not detect multiple NE-4C cells in the drops (Fig. 3(d) ). In case of monocytes 54 6 4% of the deposited drops contained a single cell and 32 6 5% of them did not contain any cells (Fig. 3(e) ). Drop volumes were 0.7 6 0.03 ll for NE-4C and 0.37 6 0.05 ll for monocytes. The error of the mean was approximated by the weighted sample variance divided by the square root of the number of experiments.
After sorting, cells remaining in the Petri dish were scanned again. We compared the mosaic images scanned before and after sorting and identified each cell along the path of the micropipette. We inspected if the selected cell was removed from the Petri dish and also checked if additional cells were missing from the image. These results were compared to the data of cell detection in the deposited drops. We found 100% correlation in case of NE-4C cells. An empty drop always corresponded to a selected cell that remained on the surface of the Petri dish. When sorting monocytes we found minor discrepancies. 12 6 6% of the deposited drops were empty even when the corresponding cells were picked up by the micropipette. We attribute this effect to insufficient drop volume, i.e., these cells remained inside the micropipette. This can be eliminated by increasing the drop volume. (A drop volume up to 1 ll is considered to be reasonable when using costly reagents for subsequent DNA or RNA sequencing.) We found multiple monocytes in a drop only in one single case (0.83% of deposited drops) when the scanned images of the culture indicated single cell. We propose that the better sorting efficiency of NE-4C cells is due to the more homogeneous nature of this laboratory cell line as compared to the inhomogeneous population of human monocytes. Variability of monocytes was further increased by the different donors. Efficiency of sorting after optimizing experimental parameters is not expected to strongly depend on cell size or shape. 32 We did not investigate cell viability in this study as we carried out exhaustive viability experiment in our previous report 24 using the same system without automated cell deposition. We argue that automated cell deposition is not expected to affect cell viability when using the same vacuum and pressure parameters as in case of the manual deposition. Single cell isolation inherently can have a long term effect on cell viability which is not related to the sorting technique.
We used a device allowing computer controlled single cell manipulation in a cell culture. Due to the Laplace pressure, fluid starts to flow out from the micropipette only above a critical pressure preventing the precise control of drop volume in the submicroliter range. We found an anomalous pressure additive to the Laplace pressure that we attribute to the evaporation of the drop, i.e., vapor recoil and the pressure difference built up in the gas phase due to isothermal extension of vapor. Evaporation turned to be a major factor to be considered in microliter scale drop deposition processes. We have overcome the problem of the critical dropping pressure (sum of the Laplace pressure, vapor recoil and pressure due to the extension of vapor) by an imaginative fluidic system controlled by fast valves timed with a precision in the millisecond range. We could minimize the drop volume to reach the submicroliter regime, as it is a crucial parameter when further investigation of cells, e.g., sequencing uses expensive reagents. We tuned the surface chemistry and the adhesion force of cells to make the manipulation successful without the application of specific microstructures for trapping single cells on the surface. Single cells were picked up from the Petri dish and deposited into PCR strips or onto glass cover slips inside tiny drops. The system also could be flexibly programmed to pick up more cells one-by-one in a cycle and deposit them into the same tube. Minimum drop volume was 0.7 ll for NE-4C and 0.4 ll for monocytes with a sorting speed of 15-20 s/cell. The image of each cell removed from the Petri dish was documented by the system, which informed the operator if specific tubes contain 0 or multiple cells instead of 1. We propose that our straightforward and flexible setup with the automated micropipette opens an avenue for single cell manipulations like isolation for further investigations, e.g., DNA or RNA analysis.
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